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Anxiety-related statesIn Ostariophysan ﬁsh, the detection of the alarm substance liberated into the water as a consequence of an
attack by a predator elicits an alarm reaction or anti-predatory behavior. In this study, experiments were
performed to: (i) describe and quantitatively characterize the behavioral and ventilatory responses in
piauçu ﬁsh (Leporinus macrocephalus), individually and as part of a school, to conspeciﬁc alarm substance
(CAS) and; (ii) test the effect of acute ﬂuoxetine treatment on alarm reaction. Histological analysis
revealed the presence of club cells in the intermediate and superﬁcial layers of the epidermis. The pre-
dominant behavioral response to CAS was freezing for ﬁsh held individually, characterized by the cessa-
tion of the swimming activity as the animal settles to a bottom corner of the aquarium. Fish exposed to
CAS showed decrease in the mean ventilatory frequency (approximately 13%) relative to control. In
schools, CAS elicited a biphasic response that was characterized by erratic movements followed by in-
creased school cohesion and immobility, reﬂected as an increased school cohesion (65.5% vs. −5.8% for
controls) and in the number of animals near the bottom of the aquarium (42.0% vs. 6.5% for controls).
Animals treated with single i.p. injections of ﬂuoxetine (10 μg/g b.w.) did not exhibit alarm behavior fol-
lowing CAS stimulation. These results show that an alarm pheromone system is present in piauçu ﬁsh,
evidenced by the presence of epidermal club cells and an alarm reaction induced by CAS and conse-
quently of a chemosensory system to transmit the appropriate information to neural structures respon-
sible for initiating anti-predator behavioral responses. In addition, ﬂuoxetine treatment caused an
anxiolytic-like effect following CAS exposure. Thus, the alarm reaction in piauçu can be a useful model
for neuroethological and pharmacological studies of anxiety-related states.
© 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Predation is a strong selective force that shapes many behavior-
al, developmental and morphological traits in prey animals [1]. Prey
animals are able to assess predation risk using environmental cues,
which may be visual, chemical, electrical or mechanical in nature
[2]. Anti-predator behavior in Ostariophysan ﬁsh may be elicited
by chemical cues, including alarm substances and predator odors
[1–3]. Speciﬁcally, Ostariophysan ﬁsh possess an alarm pheromone
that warns conspeciﬁcs about predator activity. Pfeiffer et al. have
suggested that the alarm pheromone may be hypoxanthine-3-N-oxide,
a chemical that is contained in large club cells found in much of therative Neurophysiology and
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onte Alegre, ZIP 14049-900,
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).
evier OA license.epidermis covering the body of the ﬁsh [4,5]. However, hypoxanthine-
3-N-oxide may not be the only active molecule in the Ostariophysan
alarm system since any compound with a nitrogen-oxide functional
group can potentially act as an alarm signaling agent [6–8].
The alarm behavior elicited by exposure to the alarm substance,
classically termed “Schreckreaktion” (fright reaction) by von Frisch
[9], consists of a set of behaviors and physiological responses [10]
that may protect ﬁsh from nearby active predators. Although it varies
among species, the fright reaction may include rapid dashing (fugue),
immobility, area avoidance and increased school cohesion [11].
Following exposure to an alarm substance, European minnows
(Phoxinus phoxinus) show bradycardia [12], whereas the pearl
dace (Semotilus margarita) and coho salmon (Oncorhynchus
kisutch) exhibit increased plasma glucose and cortisol levels
[13,14]. However, such studies investigating the correlated physio-
logical responses are scarce.
There is substantial evidence in the literature implicating the sero-
tonergic (5-HTergic) system as a mediator of emotional responses in
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the expression of aggression and has been shown to inﬂuence the dy-
namics of agonistic interactions [16]. Fish exhibit the same general re-
lationship between dominance, aggression and 5-HT levels as do
other vertebrates, such that dominance and aggression, along with
exposition to stressors, reduce the activity of the 5-HTergic system
in the central nervous system of ﬁsh [16–19].
The present study was undertaken to: (i) describe and quantita-
tively characterize the behavioral and ventilatory responses of the
South American freshwater ﬁsh, piauçu (Leporinus macrocephalus),
to a conspeciﬁc alarm substance and (ii) test the effect of acute ﬂuox-
etine treatment, a selective 5-HT reuptake inhibitor (SSRI), on its
alarm reaction.2. Methods
2.1. Animals and holding conditions
Experiments were conducted using a total of 96 freshwater piauçu
ﬁsh, L. macrocephalus (ranging from 10 to 12.5 cm in standard
length). Piauçu is a Brazilian non-migratory omnivorous ﬁsh which
occurs in waters with a relatively high oxygen content and can be
captured in river channels especially near the vegetation. Animals
were raised in captivity and obtained from a local commercial distrib-
utor and were acclimated at the laboratory for a minimum of 10 days
prior to experimentation. Since juveniles were used and sexual di-
morphism is absent, the effects of sex, if any, were ignored. Piauçu
ﬁsh were held individually (61 animals) or in schools (a total of 35
animals were divided in 7 schools with 5 ﬁsh in each) in glass aquaria
(30×22×20 cm and 70×25×20 cm, respectively) containing
dechlorinated tap water at 26±1 °C and kept on a 12:12 h light/
dark cycle. All aquariawere ﬁttedwith a ﬁltration system and contained
substrate on the bottom. The animals were fed ad libitum once a day
with commercial ﬂake food (Nutripeixe AL45, PURINA). Feeding was
discontinued 24 h before the experiments [20].2.2. Conspeciﬁc alarm substance
Conspeciﬁc alarm substance (CAS) was obtained by sacriﬁcing ten
juvenile piauçu ﬁsh via blows to the head and then removing skin
ﬁllets from both sides of the body. Approximately 4 cm2 of skin
was homogenized in 10 mL of distilled water (DW) at 29,000 rpm
for 1.5 min (Ultra Stirrer Homogenizer, Ultra380). The homogenate
was ﬁltered to remove scales and remaining tissues. The CAS aliquots
were immediately frozen and stored at −20 °C until required. Alarm
substance was injected into the aquarium water with a syringe
connected to a polyethylene tube. The mean time for the introduc-
tion of the tube, injection and diffusion of the substance into the
aquarium water was approximately 3 s, 5 s and 6 s, respectively.2.3. Histological analysis of the epidermis
Ten piauçu ﬁsh were sacriﬁced by immersion in tricaine
methasulfonate (MS222 0.2 g/L; Sigma, St. Louis, MO), and skin
ﬁllets were removed from both sides of the body and preserved
in 4% formaldehyde in phosphate buffer 0.1 M. These samples
were dehydrated through a standard ethanol series to 100% etha-
nol, cleared in xylenes, embedded in parafﬁn and sliced into 7 μm
sections. Sections were deparafﬁnized, stained with periodic acid-
Schiff's reagent (PAS) and counterstained with Harris hematoxylin
[11,21]. Slides were observed and photographed using a microscope
Leica DM5500 B equipped with a digital color camera Leica DFC290.
The software Leica Application Suite 3.6 was used for morphometric
analysis.2.4. Drug and administration procedure
Fluoxetine hydrochloride (N-Methyl-3-[(4-triﬂuoromethyl)
phenoxy]-3-phenylpropyla mine hydrochloride; Tocris Bioscience,
St. Louis, MO) was dissolved in teleost Ringer's solution (saline)
one day before the experiments and stored at 4 °C. Intraperitoneal
(i.p.) injections of the saline or ﬂuoxetine were made using as a ref-
erence the midline of the ventral surface of the ﬁsh, 5–10 mm ante-
rior to the pelvic girdle using a 1 mL insulin syringe and a 28.5 G
needle. We chose to use 10 μg/g body weight (b.w.) based on suc-
cess with this dose in previous behavioral studies that assessed
the acute effect of ﬂuoxetine treatment in ﬁsh [15,18]. The volume
injected ranged from 0.12 to 0.16 mL according to body weight. The
ﬂuoxetine used in this study is a mixture of the R- and S-isomers.
2.5. Experimental procedures
2.5.1. Behavioral responses in solitary ﬁsh
A total of 16 animals were maintained individually in glass aquaria
(30×22×20 cm) and divided in two groups: control animals (n=9)
exposed to 1 mL of DW and; experimental animals (n=9) exposed to
1 mL of CAS. Behavior and locomotion (to be described below) were
assessed during two consecutive observation periods (baseline and
post-stimulus) of 10 min each.
2.5.2. Behavioral responses in school
A total of 35 animals were divided in 7 schools with 5 ﬁsh in each
school. The distance of each school member to the center of the
school (school cohesion) and the number of animals near the bottom
were analyzed at scan intervals of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 min ex-
amining isolated video frames (scan sampling) for each consecutive
observation periods: baseline; introduction of 1 mL of DW and; intro-
duction of 1 mL of CAS into the aquarium.
2.5.3. Ventilatory responses
A total of 7 animals were used in this experiment. To measure the
ventilatory frequency (VF), ﬁsh were individually placed in a cuvette
(31×5×5 cm) containing aerated freshwater for 1 h to acclimate to
the experimental environment. The VF is expressed in beats/min
and was calculated by visually counting the time necessary for twenty
successive opercular or buccal movements to occur [adapted from
23]. Counting of opercular/bucal movements was done minute by
minute during 10 min of each consecutive observation period:
baseline; introduction of 0.1 mL of DW and; introduction of 0.1 mL
of CAS into the cuvette. The VF was normalized for each condition
(DW or CAS conditions) and is represented as the means of the
delta values (difference between post-stimulus and baseline
values) expressed in percentages with baseline value set at 100%.
2.5.4. Effects of acute ﬂuoxetine on the alarm reaction
A total of 16 animals were divided in two groups: 8 animals were
treated with a single i.p. injection of saline and 8 animals received ﬂu-
oxetine hydrochloride (10 μg/g b.w). One hour after the i.p. injection,
behavior and locomotion were assessed during three consecutive ob-
servation periods (baseline; introduction of 1 mL of DW and; intro-
duction of 1 mL of CAS into the aquarium) of 10 min each.
2.6. Behavioral responses and quantitative evaluation of locomotion
Behavioral experiments were conducted between 11 am and
1 pm. During the experiments, ﬁsh were monitored by a VHS video
camera placed in front of the aquarium. Behavioral responses to CAS
in solitary ﬁsh were assigned to one of the following ﬁve categories
according to the ethogram described by Lawrence and Smith [21]:
(1) increase, deﬁned by rapid swimming activity; (2) slowing, char-
acterized by decreased locomotion occasionally interrupted by bursts
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movements (zigzagging) followed by a longer period of immobility or
very low activity in the bottom corner of the aquarium; (4) freezing
or immobility, characterized by cessation of swimming activity as
the animal settles to a bottom corner of the aquarium and reduces
movements of the dorsal and tail ﬁns and; (5) no response, that
regards to the maintenance of subject's ongoing behavior. Behavioral
responses of schooling ﬁsh to CAS were assigned to one of the follow-
ing three categories: (1) biphasic, characterized by an initial phase of
erratic movements (zigzagging) followed by a second phase of in-
creased school cohesion and immobility, during which the animals
remain on the aquarium substratum; (2) freezing, characterized by
increased school cohesion and immobility, during which the animals
remain on the aquarium substratum and; (3) no response.
To facilitate the quantiﬁcation of the behavioral parameters (loco-
motion, distance between members to the center of the school and
the number of animals near the bottom of the aquarium) a nine-cell
rectangular grid (10×7 cm each cell) and two horizontal quadrants
(30×12 cm each) were drawn on the outside of the posterior wall
of the small (ﬁsh held individually) and large aquariums (school), re-
spectively. To avoid outside disturbances, the lateral walls and the
cover of the aquarium were coated with black paper.
To evaluate locomotion a basic computer program was used to
quantify the total number of grid lines an animal crossed during
10 min of each observation period [22]. To evaluate school cohesion,
the center of the school was deﬁned as the area where three of the
ﬁve ﬁsh of the school were located in the closest proximity, using
the mouths of the animals as reference points. The distance of each
ﬁsh from this center point was measured. Animals positioned in the
lower quadrant were considered to be located near the bottom of
the aquarium. All behavioral parameters are represented as the
means of the delta values (difference between post-stimulus and
baseline values) expressed in percentages with the baseline value
set at 100%.
2.7. Statistical analysis
The data are expressed as mean±standard error (SE) and were
initially submitted to a Normality Test and were analyzed using ap-
propriate parametric statistical tests. A simple t-test was used to com-
pare the effects of CAS administration in locomotion, relative to
control, in solitary animals of the ﬁrst experiment. Paired t-tests
were used to compare the effects of CAS administration in the school
cohesion, the number of animals near the bottom and normalized VF
scores, relative to control. Two-way repeated measures ANOVA
(Factor 1: saline or ﬂuoxetine injection; Factor 2: DW or CAS ad-
ministration into the aquarium; Data: delta of locomotion) followed
by Tukey post-hoc comparisons were used to compare the delta
values of locomotion between the two different treatment groupsFig. 1. Photomicrographs of piauçu cutaneous tegument. In the left panel, the cutaneous tegu
the dermis (D) by the basement membrane (mb) and hypodermis (Hd). In the right, the epid
bar: 100 μm.in the experiment with ﬂuoxetine. Analysis was performed using
the software SigmaStat 3.5 (Systat Software Inc., San Jose, CA,
USA) and the minimum signiﬁcance level was set at pb0.05.
2.8. Ethics
This study agrees with the Ethical Principles in Animal Research
adopted by the Brazilian College of Animal Experimentation (COBEA)
and was approved by the Ethics Committee in our Institution (Process
No. 101/2006).
3. Results
3.1. Histological analysis of the epidermis
Fish skin of all animals examined showed the same structural cel-
lular pattern. The cutaneous tegument is composed of three major
structures: the epidermis, dermis and hypodermis (Fig. 1). The epi-
dermis has an average thickness of 40.0±2.0 μm and is composed
of three layers: the germinative, intermediate and superﬁcial strata.
Surrounding, mucous and club cells were observed in the epidermis.
Club cells are located in the intermediate and superﬁcial strata of
the epidermis and had an average diameter of 22.0±0.5 μm. These
cells presented a single centrally located nucleus, showed PAS-
negative cytoplasm, and lacked pores connecting them to the surface
of the epidermis. In contrast, the mucous (average diameter of 14.5±
0.5 μm) and surrounding cells reacted positively to Schiff's reagent.
Club cells were found in different anatomical locations, including
the posterior area behind the operculum, the medial area of the
body, and the areas near the tail.
3.2. Behavioral responses in solitary ﬁsh
The number and percentage of CAS-induced behavioral responses
in solitary piauçu ﬁsh are shown in Table 1. DW administration did
not alter ongoing behavior or signiﬁcantly change locomotor activity
(t=0.065, p=0.949, paired t-test). In contrast, animals exposed to
CAS primarily displayed immobility or freezing characterized by the
cessation of swimming activity as the animal settles to the bottom
corner of the aquarium and reduced movements of the dorsal and
tail ﬁns. The duration of freezing ranged from 3 min to the post-
stimulus observation period. One animal displayed a slowing re-
sponse. Quantitatively there was a decrease in locomotion after CAS
administration (t=16.899, pb0.001, paired t-test). This effect is also
evident when comparing the response to CAS relative to DW admin-
istration (Fig. 2a; t=10.235, pb0.001, unpaired t-test). Taken togeth-
er, these ﬁndings suggest that CAS exposure signiﬁcantly attenuates
locomotor activity in piauçu ﬁsh.ment is showing the three distinct parts of the skin, the epidermis (Ed) separated from
ermis showing the presence of club cells (asterisk) and the mucous cells (arrow). Scale
Table 1
Number and percentage (in parentheses) of animals that present one of the ﬁve behav-
ioral responses after stimulation with distilled water (DW−n=9) or conspeciﬁc
alarm substance (CAS−n=9).
Behavioral
responses
Stimulus
DW (n=9) CAS (n=9)
Increase 0 0
Slowing 0 1(11%)
Biphasic 1(11%) 0
Freezing 0 8(89%)
No response 8(89%) 0
Increase=rapid swimming activity.
Slowing=decreased locomotion occasionally interrupted by burst of movements.
Biphasic=initial phase of erratic movements (zigzagging) followed by a longer period
of immobility or very low activity in the bottom corner of the aquarium.
Freezing=cessation of swimming activity as the animal settles to a bottom corner of
the aquarium and reduces movements of the dorsal and tail ﬁns.
No response=that regards to the maintenance of subject's ongoing behavior.
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Fish belonging to the same school reacted to CAS adopting the
same behavioral strategies: biphasic or freezing response. Piauçu
ﬁsh schools primarily responded to CAS administration by a biphasic
behavioral response (85% of the schools) characterized by an initial
phase of erratic movements (zigzagging) followed by a second
phase of increased school cohesion and immobility, during which
the animals remained on the aquarium substratum. In the remaining
15% of the schools, CAS administration resulted in freezing character-
ized by increased school cohesion with the animals settling in the
aquarium substratum followed by a phase of immobility or short
and sporadic movement.Fig. 2. Illustrates the behavioral responses in (a) solitary animals, (b, c) schools of ﬁsh and (
water (white bar) and/or conspeciﬁc alarm substance (gray bar). Vertical lines represent stStatistical analyses revealed that CAS administration reduces the
distance between school members in other words, increases school
cohesion (Fig. 2b; t=7.373, p=0.002, paired t-test) and the number
of animals near the bottom of the aquarium (Fig. 2c; t=−4.447,
p=0.011, paired t-test).
3.4. Ventilatory responses
Following CAS administration, 6 animals exhibited a decrease in
VF (6% to 34% decrease) whereas 1 animal exhibited an increase in
the VF (10% increase). Taken together, CAS administration caused a
decrease in the mean VF (approximately 13%) relative to DW
(Fig. 2d; t=2.528, p=0.045, paired t-test). These results indicate
that piauçu ﬁsh exhibit a depressed ventilatory response pattern
when exposed to CAS.
3.5. Effect of acute ﬂuoxetine on the alarm reaction
Saline-treated animals exposed to DW did not alter the ongoing
behavior, but exposed to CAS displayed freezing behavior.
Fluoxetine-treated animals exposed to DW and CAS did not alter
the ongoing behavior. Furthermore, two-way repeated measures
ANOVA indicated that there is a statistically signiﬁcant interaction be-
tween the factors (Fig. 3; F(1,14)=367.549, pb0.001). Tukey post-hoc
tests revealed a decreased locomotion in response to CAS relative to
DW administration in saline-treated animals (q=38.391, pb0.001)
but the same was not observed in ﬂuoxetine-treated animals
(q=0.0482, p=0.973).
4. Discussion
This study provides evidences that juvenile piauçu ﬁsh are able to
detect an alarm stimulus given that ﬁsh exposed to CAS exhibited an
alarm reaction. It is likely that CAS is produced by epidermal club
cells. Histological analysis of the epidermal tissue evidenced clubd) normalized opercular frequency expressed in percentage after exposure to distilled
andard error of the mean. Asterisk indicates signiﬁcant differences at pb0.05.
Fig. 3. Effects of acute ﬂuoxetine (10 μg/g b.w., i.p.) on the delta of locomotion. Two-way
repeated measures ANOVA (followed by Tukey post-hoc comparisons) was used to com-
pare the delta of locomotion between the following treatments: saline i.p.+distilled
water (SAL+H2O−n=8), saline i.p.+conspeciﬁc alarm substance (SAL+CAS−n=8),
ﬂuoxetine i.p.+distilled water (FLX+H2O−n=8) and ﬂuoxetine i.p.+conspeciﬁc
alarm substance (FLX+CAS−n=8). Vertical lines represent standard error of the mean.
Different case letters indicate signiﬁcant differences at Pb0.05.
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epidermis. The piauçu ﬁsh club cells are large in size, contained a sin-
gle centrally located nucleus, did not have pores connecting them to
the surface, and did not stain with Schiff's reagent (PAS-negative),
which indicates that polysaccharides and/or sulphated substances
were not present, showing structural and histochemical similarities
with club cells observed in other Ostariophysan species (Brycon
cephalus [11]; Leporinus piau [24]; Phoxinus laevis [25] and; P. phoxi-
nus [26]). However, the piauçu club cells are different from those
found in the Antarctic snailﬁsh Paraliparis devriesi [27], common
carp Cyprinus carpio [28], hardhead catﬁsh Arius felis [29] and channel
catﬁsh Ictalurus punctatus [30] since club cells in these species are bi-
nucleated and located in the superﬁcial stratum of the epidermis.
Solitary piauçu ﬁsh exhibited immobility or freezing behavior as
the main alarm reaction. Freezing behavior is a standard motor re-
sponse characterized by a reduction in locomotor activity that
progresses until the animal settles to the bottom corner of the
aquarium. In parallel with this freezing behavior, ﬁsh exhibiting
an alarm reaction also reduced movements of their dorsal and
tail ﬁns. Freezing behavior has been extensively studied in rodents
in which it consists of the absence of body movements — except for
respiration — accompanied by a high level of alertness paired with
considerable muscle tonicity [31]. Generally, rodents adopt a squat-
ting posture next to objects that may provide protection, similar to
how ﬁsh dive to the corners of the observation chamber. Unexpected
alterations in the environment induce freezing behavior in rodents,
and this behavioral response may be highly adaptive for avoiding po-
tential threats [32]. In nature, immobility is a widespread strategy
used to promote survival by decreasing the risk that an animal will be
detected by predators [5,11,24]. Rodents and ﬁsh display similarities
in the motor pattern of their freezing responses. We would like to sug-
gest that the freezing response observed in ﬁsh is highly adaptive for
avoiding potential dangers given that immobility decreases water
vibrations, thereby making the animal less perceptible to potential
predators. In addition, this behavior allows the animal to better
monitor its environment so that it can decide when to return to
normal activity or when to adopt other behavioral strategies, in-
cluding escape or avoidance.
Behavioral responses in solitary ﬁsh differed from those exhibited
by schools of ﬁsh, perhaps because, in schools, the alarm reaction can
be transmitted to other members of the school by mechanical (touch,
hearing and lateral line), visual and/or chemical cues [33]. Piauçu ﬁsh
schools exposed to CAS exhibited a biphasic response that was char-
acterized by an initial phase of erratic movements followed byincrease in school cohesion and immobility, with animals remaining
on the aquarium substratum. The biphasic reaction may function in
two parts. The initial erratic movement moves the ﬁsh from areas of
immediate danger. The erratic movement is characterized by stereo-
typical zigzagging, which can also be evoked by nociceptive and/or
fear-inducing stimuli [34,5] and is considered an adaptive escape re-
action when observed in the context of fear. The subsequent immo-
bility phase makes the ﬁsh relatively inconspicuous.
The increase in school cohesion was previously observed and de-
scribed by Kats and Dill and is deﬁned as a decrease in the distance
of ﬁsh from the center of the school [35]. Jachner observed that the
bleak ﬁsh (Alburnus alburnus) responded to CAS by either hiding in
refuges in the aquarium vegetation or forming groups [36]. These
authors suggested that this behavior is a defensive strategy that
renders the ﬁsh less vulnerable to predation. In the current study,
CAS-treated ﬁsh schools became more uniform and/or structured,
decreasing the probability that oddly spaced individuals would be
susceptible to predation [37]. This enhanced structural organization
supports the theory that schooling is an anti-predator mechanism
[35,36,38]. The high number of closely spaced ﬁsh that results
from increased school cohesion may have a visually confusing ef-
fect, suggesting that it provides protection because predators are
unable to simultaneously ﬁxate on several moving targets [34,38].
We also observed a decrease in VF (hypoventilation) in solitary
ﬁsh exposed to CAS. While Barreto and Hoffmann [39] also reported
hypoventilation in pintado catﬁsh (Pseudoplatystoma coruscans) ex-
posed to CAS, skin extract increased VF in Nile tilapia [40]. The VF pro-
tocol used is also a non-invasive tool to assess stress levels that avoids
the use of painful or stressful techniques, such as blood sampling or
electrode implantation [10]. Furthermore, Barreto and Volpato dem-
onstrated that VF is a sensitive measure for distinguishing between
different stressors in Nile tilapia [41]. For instance, social stressors
clearly enhanced and electroshock decreased VF in Nile tilapia.
These authors suggested that hypoventilation observed in response
to electroshock, a recognized stressor for ﬁsh, may be associated
with increased opercular amplitudes. In the current study, we hy-
pothesize that hypoventilation associated with freezing behavior
functions to decrease water vibrations, thereby making the animal
less visible and obvious to a potential predator.
Classical studies in rodents have been successfully employed in anx-
iety research using anti-predatory paradigms, exposing animals to
stimuli speciﬁc to its natural predator, and the species-typical anti-
predatory responses of the subject are quantiﬁed [5]. Thus, some
researchers suggest that one way to evoke anxiety-related state in ﬁsh
is by exposing them to alarm substance [14,42–43]. Our results support
the idea that an anxiety-related state exists and has signiﬁcance for sur-
vival in non-mammalian vertebrates. Piauçu ﬁsh that received vehicle
treatment responded to the presentation of CAS by displaying a behav-
ioral alarm reaction characterized by freezing. However, ﬂuoxetine-
treated animals exposed to CAS did not alter the ongoing behavior,
which could be interpreted as a reduction in CAS-induced anxiety
(anxiolytic-like response). In support of this, fathead minnows trea-
ted with chlordiazepoxide (a benzodiazepine drug) showed few or
no behavioral alarm reactions, without appearing sedated [43]. Flu-
oxetine and other SSRIs increase brain content of the neurosteroid allo-
pregnanolone (Allo) that acts as a potent positive allosteric modulator
of the action of gamma-aminobutryic acid (GABA) at GABAA receptors
[44]. Studies employing socially isolated (SI) mouse model of aggressive
behavior demonstrated that increased intensity of aggressive behavior is
inversely related to the extent of Allo content downregulation in differ-
ent brain areas (olfactory bulb, frontal cortex and hippocampus). More-
over, the subcutaneous administration of Allo decreases the duration of
attacks against intruders [44,45]. Additionally, animals treated with
S-isomer of ﬂuoxetine showed reduced aggressivity and higher
Allo levels than animals treated with the respective R-isomer.
Thus, S-isomer of ﬂuoxetine increases Allo levels in the brain that acts
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ducing the attacks against an intruder. The ﬂuoxetine employed in the
current report is a S- and R-isomers mixture, and further studies are
necessary to determine the effects of the isomers separately.
There are contradictory ﬁndings regarding the temporal onset of
the effects of the selective 5-HT reuptake inhibitor (SSRI) ﬂuoxetine
in anxiety models. Griebel et al. demonstrated that acute ﬂuoxetine
produces an anxiolytic-like effect when rats were tested 24 h, but
not 30 min, after drug administration [46]. In contrast, some studies
have demonstrated that ﬂuoxetine has an anxiogenic-like effect
when either acute [47,48] or chronic [47] treatments are adminis-
tered. Similar ﬁndings have been observed in ﬁsh. Chronic and
acute ﬂuoxetine administration decreases aggressive behavior in
bluehead wrasse (T. bifasciatum) males [18]. In contrast, in zebraﬁsh
exposed to an alarm substance, ﬂuoxetine has a robust anxiolytic ef-
fect when administered chronically, but has an anxiogenic effect
when given acutely [42]. Contrary to this, we observed an
anxiolytic-like state after a single acute treatment of ﬂuoxetine
given that piauçu ﬁsh did not respond to the presentation of CAS
with defensive behaviors. The differential effects of ﬂuoxetine on
anxiety-related states in the same anxiety model may be explained
by differences in experimental approaches. Egan et al. administered
ﬂuoxetine (100 μg/L) directly into the aquarium water and imposed
7 mL of CAS into a 1.5 L tank [42]. In the current experiment, we ad-
ministered ﬂuoxetine (10 μg/g b.w.) in a single i.p. injection and
was imposed 1 mL of CAS into a 17.6 L tank.
In summary, the ﬁndings from this study indicate that CAS expo-
sure is an effective method for inducing alarm responses in piauçu
ﬁsh (L. macrocephalus) tested either individually or in schools. In ad-
dition, our results indicate that piauçu ﬁsh exhibit a depressed venti-
latory response pattern when exposed to CAS. These results show
that an alarm pheromone system is present in piauçu ﬁsh, also
evidenced by the presence of epidermal club cells and an alarm
reaction induced by CAS and consequently of a chemosensory system
to transmit the appropriate information to neural structures responsi-
ble for initiating anti-predator behavioral responses. In addition, our
study provides evidence that the acute ﬂuoxetine treatment produced
an anxiolytic-like response. Thus, the alarm reaction in piauçu can be
a useful model for neuroethological and pharmacological studies of
anxiety-related states.
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